A phylogenetic analysis of DNA sequences from the C3 /C4 /C5 complement-component family of vertebrates supported the hypothesis that the C5 gene diverged first from the common ancestor of C3 and C4 and that C3 and C4 diverged later. The close relationship of C3 and C4 was further supported by the fact that a hagfish complement-component gene showed evidence of being more closely related to both C3 and C4 than to 0. This phylogeny is most consistent with the hypothesis that the alternative complement pathway was the first to evolve, followed by the terminal pathway and then by the classical pathway.
Introduction
The complement system of vertebrates involves -30 different proteins, including complement components Cl through C9, factors B, I, and H, and other proteins (Bentley 1988; Campbell et al. 1988; Halkier 199 1) . These proteins interact by means of two enzyme cascades known as the classical and alternative pathways, which share a common terminal pathway ( fig. 1 ) and accomplish three major functions:
( 1) the production of anaphylotoxins (C3a and Ua), which cause smooth muscle contraction and increase vascular permeability; (2) the coating of pathogenic microorganisms with molecules (opsonins) that are recognized by phagocytic cells; and ( 3) the formation of a membrane-attack complex ( MAC ) , which lyses microorganisms.
The complement components are encoded by genes belonging to several gene families. Three key components (C3, C4, and C5 ) belong to a single family, which also includes a2-macroglobulin (a2m), a molecule synthesized in liver cells in response to inflammation and infection (Gehring et al. 1987 ). Nonaka and Takahashi ( 1992) recently proposed that C4 was the first of C3, C4, and C5 to diverge; in other words, assuming that a2m is an outgroup, they proposed a phylogeny like that in figure 2 B. However, these authors' proposal was not based tm phylogenetic analysis of DNA sequence data. By contrast, Lachmann ( 1979) proposed that the alter-native pathway, which is biochemically simpler than the classical pathway, was the first pathway in the complement system to evolve and that the terminal pathway then evolved as a result of gene duplication.
This hypothesis is most consistent with a phylogeny in which C5 diverged from the ancestor of C3 and C4 before these two diverged from each other ( fig. 2 A) . Here I conduct phylogenetic analysis of DNA sequence data in order to decide among the possible phylogenies for the C3 /C4/ C5 complement-component gene family ( fig. 2 ) and to shed light on the evolution of the complement cascade.
Material and Methods

DNA Sequences Analyzed
The C3 molecule in humans is synthesized as a single polypeptide (pro-C3) of 1,663 amino acid residues, including a 22-amino-acid signal peptide (Halkier 199 1) . Of the remaining 1,64 1 residues, the N-terminal 645 residues constitute the p chain, which is cleaved from the C-terminal a chain ( fig. 3) . The c1 and p chains are then joined by disulfide bonds, and the C3a peptide (77 residues) is cleaved from the N terminus of the a chain. The remaining molecule is called C3b; removal of C3a from C3b ( fig. 1 ) exposes a highly reactive thioester site in the a chain, making it possible for C3b to bind covalently to the surface of foreign particles (opsonization) . In addition to the regions of the C3 molecule that are based on its in vivo function, several fragments of the C3a chain that result from experimental treatment with proteases have been identified; these include the C3d fragment (which includes the thioester site) and C3c1, which corresponds to the portion of the a chain between C3a and C3d ( fig. 3 ). The pro-C4 molecule is likewise synthesized as a single polypeptide chain; in the case of human C4, this chain consists of 1,725 amino acid residues, including a signal peptide of 19 residues (Halkier 199 1) . The mature protein consists of covalently linked P (656 residues), a (748 residues), and y (29 1 residues) chains ( fig. 3) . As in the case of C3, the N-terminal 77 residues of the a chain (referred to as C4a) are cleaved from the remainder of the molecule (C4b). In mammals, C4 is encoded by a gene located within the major histocompatibility complex (MHC) in the so-called class III region of the MHC, which includes a number of genes lacking an evolutionary relationship to the class I and class II genes encoding antigen-presenting molecules (Klein 1986) . In most human haplotypes, there are two C4 genes (C4A and C4B), whose products differ in 12 amino acid residues ( Halkier 199 1) . In the mouse, the class III region also includes a duplicate C4-like gene called sexlimited protein ( Sip), which has substitutions that make it nonfunctional in the complement pathway, but otherwise it is highly similar in sequence to C4 (Hemenway et al. 1986 ). Because of their high sequence similarity to human C4A and mouse C4, respectively, human C4B and mouse Slp sequences were not used in analyses reported in the present paper.
Human pro-C5 consists of 1,676 amino acids, including an 18-amino-acid signal peptide (Haviland et al. 199 1) . The mature molecule consists of covalently associated a and p chains. The C5a anaphylotoxin consists of the first 74 residues from the a chain, and the remainder of the molecule is known as C5b. C5 differs from C3, C4, and a2m in lacking a thioester site. Activation of C5 exposes a binding site for C6 on C5b; binding of C6 by C5b initiates the formation of MAC (Halkier 1991) .
In mammals, C4 is the only member of this family having a three-chain structure (a, p, and y chains). However, a three-chain structure appears to be more widespread in complement components of lower vertebrates. The C3 gene recently reported from lamprey has a site homologous to the cl-y cleavage site of C4 and P a thus apparently has a three-chain structure (Nonaka and Takahashi 1992) . The same is true of a hagfish gene, recently sequenced by Ishiguro et al. ( 1992) , whose relationship to the three mammalian complement components belonging to this family was not determined by these authors. Members of this family which have a twochain structure lack the a-y cleavage site; nonetheless, the C-terminal portions of the a chains of these molecules show clear evidence of homology with the y chains of those molecules having a three-chain structure.
The following DNA sequences for coding regions of members of the C3 /C4 /C5 gene family were used in phylogenetic analyses: ( 1) C3 sequences from lamprey Lampetra japonica (Nonaka and Takahashi 1992) , cobra Naja naja (Fritzinger et al. 1992 ) , guinea pig Cavia porcellus ( Auerbach et al. 1990 )) human (de Bruijn and Fey 1985) , and mouse (Fey et al. 1984) ; (2) C4 sequences from human (i.e., C4A) (Belt et al. 1984) and mouse (Sepich et al. 1985) ; (3) C5 sequences from human (Haviland et al. 199 1) and mouse ( Wetsel et al. 1987 ); (4) a2m sequences from human (Kan et al. 1985) and rat (Gehring et al. 1987) ; and (5) a hagfish complement-component sequence whose homology to mammalian components has not been determined (Ishiguro et al. 1992) . Because of the uncertain relationships of this hagfish gene, phylogenetic analyses were conducted separately for two data sets: ( 1) a data set consisting of the 11 sequences excluding the hagfish sequence and ( 2) a data set consisting of all 12 sequences.
Statistical Methods
Sequences were aligned at the amino acid level by the CLUSTAL V program (Higgins et al. 1992) ; because alignment of the signal peptides did not appear to be reliable, these regions were excluded from the alignment and subsequent analyses. (The alignments are available on request.) For analyses involving a given set of sequences, any codon position at which the alignment postulated a gap for any sequence was excluded from distance calculations for all sequences, so that the same codon positions were compared in each pairwise comparison. Phylogenetic analyses were conducted separately for the following regions: the p chain, the region corresponding to the C3c 1 peptide of C3, the region corresponding to the C3d peptide of C3, the region aligned with the y chain of C4, the combined a and y chain regions, and the entire gene sequence. C3a, C4a, and C5a were not among the regions analyzed, because the corresponding region is absent from a2m. Phylogenetic trees were constructed by the neighbor-joining (NJ) method (Saitou and Nei 1987) on the basis of two distance measures: ( 1) pN, the number of nonsynonymous nucleotide differences per site (Nei and Gojobori 1986) and (2) p12, the proportion of nucleotide difference in the first and second codon positions. In both cases, the uncorrected proportion of differences was used, because computer simulations have indicated that, when the number of differences per site is large (as is true in the case of the C3 / C4 / C5 family), the topologies of phylogenetic trees based on proportion of differences are more reliable than those based on corrected distances (Saitou and Nei 1987) . In the case of trees based on p12, the statistical significance of internal branches was tested by Rzhetsky and Nei's ( 1992) method. In the case of trees based on pN, this method is inapplicable because computation of the covariance among distances is not straightforward.
Therefore, the reliability of clustering patterns in NJ trees based on both pN and p12 was assessed by bootstrapping (Felsenstein 1985; Whittam 1990 ). Maximum-parsimony (MP) trees were also constructed on the basis of the first two codon positions by the branch-and-bound procedure of the MEGA program (Kumar et al. 1993 ) . In preliminary analyses, NJ trees were constructed on the basis of amino acid sequences by using both the proportion of difference and the Poisson-corrected amino acid distance (Nei 1987, p. 4 1) . In both cases, these trees did not provide statistically significant resolution of phylogenetic relationships within the C3 / C4 / C5 gene family; therefore the results are not presented here.
The extent of functional constraint at the amino acid level on different regions of C3, C4, and C5 was examined by computing pN by using Nei and Gojobori's ( 1986) method in pairwise comparisons among human and mouse genes. When there is a strong transitional bias at twofold-degenerate sites, this method may underestimate the number of synonymous sites (Li 1993); therefore, Li's ( 1993 ) method was also used. Base-composition differences among sequences, particularly G + C-content differences, are another factor that can affect estimates of evolutionary distance. In the case of the sequences analyzed here, the mean percentages of G + C at first and second positions in aligned codons was as follows: for the hagfish gene, 43.9%; for C3, 46.4%; for C4, 5 1.2%; for C5, 42.4%; and for a2m, 46.5%. Thus, the sequences did not differ markedly in overall G + C content at first and second codon positions. In order to assess whether these differences affected estimates of evolutionary distances, I used Tamura's ( 1992) method, which takes into account differences in base usage. In practice, the following distance measures were highly correlated: p12; pN; the number of nonsynonymous substitutions per site estimated by Nei and Gojobori's method and corrected for multiple hits by Jukes and Cantor's ( 1969) 
Results
Patterns of Nonsynonymous Evolution
pNs between human and mouse C3, C4, and C5 are shown in table 1. These results indicate that, between these two mammalian species, these three loci have evolved at approximately the same rate in most regions. Overall, pN between the two C4 genes is slightly higher than that between the other two pairs of genes; this difference is statistically significant in the comparison between C4 and C5 but not in the comparison between C4 and C3 (table 1).
( fig. 4A and table 2) ) the a/y chain region, and the entire molecule (table 2). In NJ trees based on both p12 and pN, the clustering of C3 and C4 was supported by bootstrap percentages >80% in C3d, the a/y chain region, and the entire molecule; in the case of C3d, the bootstrap percentage was ~98% for both p12 andp, (table 2). In the case of the poorly conserved p chain region, the clustering of C3 and C4 received greater support than did other clustering patterns, but the bootstrap values were considerably lower than those for C3d, the a/ y chain region, and the entire molecule (table 2) . MP trees for the p chain and C3c 1 favored the phylogeny of figure 2B , while those for C3d, the a/y chains, and the entire molecule agreed with the NJ trees in favoring the phylogeny of figure 2 A (table 2).
In the case of C3, C4, and C5, pN was approximately the same in all gene regions analyzed, with the exception that it is consistently higher in the p chain region than in other regions (table 1) . By contrast, the number of synonymous differences per site (ps) in the p chain region was not consistently higher than that in other regions (data not shown). This indicates that the higher pN in the p chain region is due to reduced constraint at the amino acid level, on this region rather than to an elevated mutation rate. A similar elevation of pN in the p chain region was observed when comparisons were made among the C3, C4, and C5 loci of human and mouse (table 1) .
Phylogenetic
Analyses Table 2 shows results of bootstrapping and tests of significance of internal branches of NJ trees for the data set excluding the hagfish gene. In most regions, C3 and C4 were found to cluster together (as in the phylogeny in fig. 2A ) . This clustering pattern received statistically significant support in trees based on p12 in the C3d region Examination of the patterns of nucleotide substitution among C3, C4, and C5 genes of human and mouse (table 1) shows the basis for the clustering of C3 and C4 in phylogenetic trees. Both in C3d and in the entire IIIOkCuk, mean pN between C4 and C5 is significantly higher than that between C3 and C4, while in the C3d region mean pN between C3 and C5 is also significantly higher than that between C3 and C4 (table 1) . Because of its lack of a thioester site, C5 presumably has diverged functionally from C3 and C4 in the region homologous to C3d. As a result, it might be expected that C5 may have evolved more rapidly in this region than have C3 and C4. However, the branch lengths in the NJ tree ( fig. 4A ) provide no evidence that there has been an acceleration of the rate of nonsynonymous evolution in this region of C5. Although the MP method also supported the phylogeny of figure 2 B in the case of the p chain, this pattern did not receive strong statistical support in the analysis of distance trees (table 2) . Indeed, because of the high rate of nonsynonymous nucleotide substitution in the p chain (table 1)) this region is expected to provide less reliable information regarding phylogeny than are more conserved regions. In the C3cl region, bootstrapping of the NJ trees favored the clustering of C3 and C5 (table 3) . This pattern was not statistically significant when Rzhetsky and Nei's ( 1992) method was applied to the tree based on p12. Nonetheless, the grouping of C3 and C5 in C3c1, which was also supported by MP analysis, marks this region as unique. If the phylogeny obtained for the entire molecule is in fact correct and C5 was the first of C3, C4, and C5 to diverge ( fig. 2A) , then the anomalous pattern in C3cl suggests that in this region either ( 1) convergent evolution between C3 and C5 has occurred at nonsynonymous sites or (2) gene conversion in this region of C3 by C5 or of C5 by C3 occurred in the distant past.
When the hagfish complement-component gene was added to the data set, its phylogenetic position was not certain. In most regions analyzed, clustering of the hagfish gene with C3 received greater support than did clustering of the same gene with C4, C5, or a2m (table  3) . The one notable exception was the C3d region, in which bootstrapping favored clustering of the hagfish gene with C4. In most regions and in the entire molecule, there was little support for clustering of the hagfish gene with either C5 or a2m (table 3 ) . Thus it is probably safe to conclude that the hagfish gene is more closely related to C3 and C4 than to these other molecules.
When the hagfish gene was included, the overall phylogeny was somewhat less clear than when it was not included. Nonetheless, in the NJ trees based on p12 in both C3d and the entire a/y chain region, Rzhetsky and Nei's ( 1992) method showed statistically significant support for a cluster including C3, C4, and the hagfish gene ( fig. 4 B and table 4 ). Although this pattern did not receive statistically significant support in any other region or in the molecule as a whole, in general the bootstrap numbers supporting this pattern were higher than those supporting alternative patterns (table 4). The one exception was the C3cl region; here the clustering of the hagfish gene with C3 and C5 received fairly strong (SO%) bootstrap support. This suggests that, if this region of C3 was indeed converted by C5, this conversion occurred prior to divergence of the hagfish gene from C3 but subsequent to the divergence of C4 from C3 and the hagfish gene. As with the data set excluding the hagfish gene, MP trees favored the phylogeny of figure 2 B in the case of the p chain and C3cl but favored the phylogeny of figure 2 A in the case of C3d, the a/y chains, and the entire gene (table 4).
Discussion
The hypothesis that the alternative pathway of the complement cascade ( fig. 1 ) evolved prior to the classical and terminal pathways is based on the observation that the alternative pathway is in essence very simple, involving only C3 and Factor B (Lachmann 1979) . Factor B and C2, which play analogous roles in the alternative and classical pathways, respectively, clearly have a comparatively close evolutionary relationship (Bentley 4.-NJ trees based on p12 in the C3d region for (A) the data set excluding the hagfish gene and (B) the data set including the hagfish gene. Bootstrap percentages are indicated on each branch. Statistically significant internal branches (Rzhetsky and Nei 1992) are indicated as follows: **P < 0.01; and ***P < 0.001. 1988). Thus the ancestral complement pathway presumably involved both the common ancestor of C3 and C4 and the common ancestor of Factor B and C2. This ancestral pathway would have functioned to produce an opsonin similar to C3b, the production of which Lachmann ( 1979, p. 27) described as "the principal event in complement activation." The classical pathway shares with the alternative pathway the end result of C3b production and thus involves both C4 and C3, whereas the alternative pathway involves only C3. This implies that the former could only have evolved after the duplication of the gene ancestral to the C3 and C4 genes.
The terminal pathway involves a set of molecules that are not homologous to any of those involved in the classical or alternative pathways. The most important of these are the MAC constituents C6, C7, C8a, CSP, and C9, which show evidence of evolutionary relationship both to one another and to the cytolytic proteins perforin and cytolysin (Campbell et al. 1988; Lichtenheld et al. 1988; Ishikawa et al. 1989 ). The only role played by the classical or alternative pathway in the formation of MAC is the activation of C5, for which C3b serves as a catalyst ( fig. 1) . Thus the key step that made possible the evolution of the terminal pathway was the gene duplication that gave rise to C5. This duplicate gene was then free to lose its thioester site and acquire a C6-binding site, thereby linking the complement system with a presumably preexisting cytolytic system. Because a C3b-like molecule is necessary for activation of C5, the alternative pathway must have existed prior to the terminal pathway; but there is no reason to suppose that the classical pathway must have existed before the terminal pathway evolved, since C3b plays the same role in activating C5 whether it is derived from the classical or from the alternative pathway. The phylogenetic analyses reported here support the hypothesis that C5 diverged from the ancestor of C3 and C4 before these two molecules diverged from each other; thus they support the hypothesis that the alternative pathway was the first complement pathway to evolve, followed by the terminal pathway and then the classical pathway. However, much remains unknown about the complement system; for example, recent evidence suggests that a novel proteinase can activate C4 and C2 (Ji et al. 1993) . Thus no conclusion regarding the evolution of the complement pathways can be considered final until all of its molecular components are described. Nonaka and Takahashi ( 1992) suggested that C4 was the first of C3, C4, and C5 to diverge. They claimed that this phylogeny (that of fig. 2B ) is most parsimonious with regard to the evolution of the a-y cleavage site and thus to the number of chains in the mature protein. Assuming the phylogeny of figure 2 B, these authors proposed that an a-y cleavage site evolved first in the common ancestor of C3, C4, and C5, since a2m has a two-chain structure. They proposed that this site was subsequently lost in the ancestor of C3 and C5 of jawed vertebrates; but because the lamprey C3 molecule has an a-y cleavage site, this presumably did not happen in the jawless vertebrates. However, Nonaka and Takahashi ( 1992) do not explain whether they believe that the divergence of C3 and C5 occurred before or after the divergence of jawless and jawed vertebrates. Actually, Nonaka and Takahashi's claim that the 2B were true, we would be forced to conclude that the phylogeny of figure 2B explains the evolution of the a-a-y cleavage site was lost twice, once in C3 of jawed y cleavage site more parsimoniously than does that of vertebrates and once in C5, unless we assume that C3 figure 2A is not correct. On the phylogeny of figure 2A , and C5 diverged after the jawed and jawless vertebrates it is predicted that the a-y cleavage site evolved in the diverged, in which case jawless vertebrates would be excommon ancestor of C3 and C4, after divergence of C5 pected to lack both C5 and the terminal pathway. On ( fig. 5 ), and that it was then lost in C3 of the jawed the other hand, the evidence that the C3cl regions of vertebrates after their separation from the jawless ver-the C3 genes of all vertebrates and of the hagfish gene tebrates ( fig. 5 ). By contrast, if the phylogeny of figure may have been converted by C5 suggests that a C5 gene figure 2A but not on that of figure 2B .
